We describe the importance of the functional group density of polymeric insulators (PI) for organic thin-film-transistors (OTFTs) in terms of the insulator processing temperature and the exposure of a linearly polarized ultraviolet (LPUV) light. The PI layers processed at lower temperatures than the boiling temperature (T b ) of the solvent have higher densities of functional groups than those processed above T b . The carrier mobility in the pentacene OTFT processed below T b increases at least by a factor of three with maintaining other electrical properties such as the threshold voltage and the current on/off ratio. Our results suggest that the preferential alignment of the pentacene molecules is not the main physical mechanism for the mobility enhancement. From the mobility anisotropy resulting from the polarization of the LPUV, the packing density of the pentacene molecules on the PI layer, dictated primarily by the density of functional groups, is found to play a critical role on the magnitude of the mobility.
Introduction
Recently, organic thin-film-transistors (OTFTs) have been extensively studied due to their potential for electronic device applications such as flexible displays, 1) various sensors, 2) and radio frequency identification cards. 3) Among the device applications, flexible displays will lead to one of future core industries that utilize a variety of flexible electronic circuits based on the OTFTs. Most of the electrical properties of the OTFTs are known to be inferior to those of amorphous silicon (a:Si) TFTs except for the field effect mobility. For pentacene, the mobility was found to be about 1 cm 2 /(VÁs) in the case that SiO 2 was used as a gate insulator. 4) Such high mobility in the pentacene OTFT is comparable to that in the a:Si TFT. In this case, the SiO 2 gate insulator needs to be processed at a high temperature in a vacuum environment. This high temperature process of the SiO 2 layer is not suitable for plastic substrates that are commonly used for flexible displays. Therefore, for the low temperature process, organic insulators such as poly (4-vinylphenol) and photo-aligned polyimide have been demonstrated for flexible substrates. 5, 6) Another important issue is to investigate the effect of the molecular order of the pentacene molecules on the magnitude of the mobility. For example, the preferential alignment of the pentacene molecules on a surfactant treated surface was believed to increase the mobility of the pentacene-based OTFTs. [7] [8] [9] However, the fundamental mechanism for the mobility enhancement in relation to the surface induced order and the resultant surface morphology has not been fully explored so far.
In this paper, we study how the functional group density of a polymeric gate insulator influences the electrical properties of the OTFTs in terms of the processing conditions such as the insulator processing temperature and the exposure of a linearly polarized ultraviolet (LPUV) light. It is found that the density of the functional groups in one of photo-polymeric insulators, poly(vinyl cinnamate) (PVCi), significantly alters the grain size and the packing density of the pentacene molecules evaporated on the PVCi insulator layer. The PVCi layer, processed at a lower temperature than the solvent boiling temperature (T b ), has higher functional group density, and the mobility in the pentacene OTFT is then enhanced at least by a factor of three without any degradation of other electric properties such as the threshold voltage and the current on/off ratio. The PVCi layer, used as a gate insulator in our pentacene OTFT, is known to align liquid crystals (LCs) when exposed to a LPUV light. 10) However, in our OTFT, no appreciable alignment of the pentacene molecules was observed on the LPUV exposed PVCi layer. Interestingly, the measured mobility was greatly increased even in this case. This suggests that the close packing of the pentacene molecules resulting from the high density of functional groups in the PVCi insulator layer plays a more critical role on the mobility enhancement in our OTFT than the preferential alignment of the pentacene molecules. In §2, the basic structure and the fabrication of our pentacene OTFT are described. The results for surface morphologies of the PVCi insulators processed at several different temperatures and the pentacene layers evaporated on them are presented in §3. The UV absorption and infrared (IR) transmission spectra are also presented together with the description of the functional group density of the PVCi. In §4, the electrical properties of our pentacene OTFTs having differently processed PVCi insulator layers under the LPUV exposure are described. In the remaining section, some concluding remarks are made.
Experimental Procedure
The basic OTFT structure used in our study, which is a top contact pentacene OTFT with the PVCi gate insulator, is shown in Fig. 1 . The indium-tin-oxide (ITO) layer on a glass substrate was used for the gate electrode by etching through the photolithographic process to minimize the overlap between the gate electrode and the other two electrodes, the source and the drain. The ITO coated glass substrate was cleaned with acetone, iso-prophyl alcohol, methanol and deionized (DI) water in sequence. The photopolymer PVCi, dissolved in cyclopentanone in 10 wt %, was spin-coated on the top of the ITO layer for a gate insulator. The boiling temperature T b of the solvent, cyclopentanone, C (>T b ) on a vacuum oven for 5 h to completely remove any residual cyclopentanone. The LPUV light from a broadband high pressure Hg lamp was then exposed to each PVCi layer for 3 min at the intensity of 10 mW/cm 2 to align the PVCi molecules. The pentacene was evaporated onto each PVCi layer through a shadow mask under 3 Â 10 À6 Torr to produce an active organic semiconductor layer of the OTFT. For the evaporated pentacene thin film, both the width and the length of the pentacene thin film were 1 mm. The evaporation rate of the pentacene was fixed at 0.5 Å /s. The thickness of the PVCi layer and that of the pentacene film were measured as 570 and 60 nm, respectively. Au was thermally evaporated on the top of the pentacene film to prepare the source electrode and the drain electrode through another shadow mask under 1 Â 10
À5
Torr. The evaporation rate of Au was 1.0 Å /s. The thickness of the Au layer was measured as 80 nm. During the evaporation, the substrates were held at room temperature. The length and the width of the channel were 50 mm and 1 mm, respectively. The electrical properties including the current-voltage characteristics of our pentacene OTFTs were measured using a semiconductor parameter analyzer (HP4155A) at room temperature under ambient pressure.
Surface Morphologies and Optical Spectra
We first discuss the roughness of each PVCi insulator layer processed at three different temperatures. Figures 2(a)-2(c) correspond to the solvent processing temperatures of 60, 130, and 180 C, respectively. As shown in Fig. 2 , the roughness showed essentially no difference. The average root-mean-square value for the roughness was given as 2:9 AE 0:5 Å . In addition, the contact angles of distilled water (about 80 ) on the three PVCi layers were found to be same as shown in the insets of Fig. 2 . The magnitude of the contact angle is directly related to the surface wettability of the PVCi layer. Based on our results for the surface morphologies and the wettability, no apparent difference among the three PVCi insulator layers was observed.
Let us examine the grain sizes and the surface morphologies of the pentacene films deposited onto the three apparently similar PVCi insulator layers. It is generally believed that the rougher the insulator surface is, the smaller grain sizes of an organic semiconductor appear.
11) A well defined, uniform, and smooth surface of the gate insulator is expected to produce fewer nucleation sites for the pentacene molecules, meaning that larger grain sizes of the pentacene molecules will be obtained. 12) Additionally, the hydrophobic treatment for a high contact angle on the gate insulator is suggested to improve the quality of the pentacene film and to enhance the electrical performances of the OTFT from the fact that the hydrophobic pentacene molecules tend to align on a hydrophobic surface to reduce the lattice mismatches. 13) However, as shown in Fig. 2 , substantial differences in both the morphology and the grain size among the pentacene films on the three PVCi insulator layers were observed although the surface roughness and the surface wettability remained essentially same. The only difference among our three PVCi insulator layers is the processing temperature of the solvent, cyclopentanone, used for dissolving the PVCi. Note that the PVCi layers were processed at temperatures of 60, 130, and 180 C (below, at, and above the solvent boiling temperature T b , respectively). It is clearly seen from Fig. 2 that the pentacene grain size increases and the grain boundaries decrease with lowering the processing temperature. Moreover, void sites that will disturb the carrier transport were disappeared when the PVCi layer was processed at a temperature below T b . Based on our results presented above, it is then concluded that the roughness, the wettability (or the hydrophobicity), and the aligning capability of the polymeric insulator surface play no essential role on the quality of the pentacene film evaporated on the insulator layer.
We now attempt to describe the physical mechanism for the improvement of the quality of the pentacene film on the PVCi insulator layer in terms of the insulator processing temperature. Figures 3 and 4(a) show the fourier transforminfrared (FT-IR) transmission spectra and the UV absorption spectra, respectively. The solid, dash-dot, and short dash curves correspond to the insulator processing temperatures of 60, 130, and 180 C, respectively. From the FT-IR data shown in Fig. 3 , the number of each bond of the PVCi decreases with increasing the insulator processing temperature. This means that a higher density of functional groups is available on the PVCi layer processed at a lower temperature (below T b ). Considering that the PVCi molecule (see Fig. 1 ) consists of a main chain of a polyvinyl group and a side chain of a cinnamate group, the decrease in the number of bonds is directly related to the decrease in the number of cinnamate functional groups attached to the main chain. After the LPUV exposure, dimerized PVCi molecules were formed by cross-linking the PVCi monomers through the ½2 þ 2 photo-cycloaddition between cinnamate groups. [14] [15] [16] Although the overall FT-IR transmittance associated with the C=O bond and the C=C bond decreases after the LPUV exposure, the relative difference in the functional group density among three PVCi layers processed different temperatures remains same as clearly shown in the insets of Fig. 3 . Furthermore, the UV absorption spectra at the wavelength of 270 nm in Fig. 4(a) tell us that the number of carbon double bonds (C=C) in the cinnamate group decreases with increasing the processing temperature. In other words, the number of photo-reaction sites decreases. 17 ) Figures 4(b) and 4(c) show the optical anisotropy of PVCi layer itself processed at 60 C and that of the pentacene film deposited on the processed PVCi layer. The optical anisotropies were measured directly by a photo elastic modulator method. 18) Note that the large optical anisotropy of the PVCi in Fig. 4(b) is consistent with the UV absorbance in Fig. 4(a) . Although such large anisotropy exists in the PVCi, it is clear that the optical anisotropy of the pentacene film is negligible since the optical anisotropies in Figs. 4(b) and 4(c) are nearly same. This means that the alignment of the pentacene molecules is essentially negligible on the aligned PVCi layer. Together with the FT-IR transmission data, it is suggested that the density of functional groups that take part in the dimerization process of the PVCi molecules plays an important role in producing the interaction sites for the pentacene molecules on the PVCi insulator layer. The more interaction sites are produced on the PVCi insulator layer, the closer packing density of the pentacene molecules is available, and thus less void sites will be present. It should be emphasized that the preferential alignment alone will not result in the close packing of the pentacene molecules. The number of the interaction sites on the insulator surface should be large enough to produce a highly packed structure of the pentacene molecules.
Electrical Properties
We examine the effect of the insulator processing temperature on the electrical properties of our pentacene OTFTs. The current-voltage characteristic curves of our three OTFTs, processed at different temperatures, are shown in Fig. 5 . The applied gate voltage was varied from 0 to À60 V in a step of À10 V. Figures 5(a)-5(c) show the output characteristics of the three OTFTs processed at 60, 130, and 180 C, respectively. The magnitude of the drain current (I D ) decreases with increasing the insulator processing temperature from 60 to 180 C. In the saturation regime, the highest drain currents for three OTFTs were measured as 9.3, 6.5, and 2.0 mA, respectively. From the transfer characteristic curves in Fig. 5(d) , the carrier mobility of each OTFT can be determined. The carrier mobility in the saturation region is theoretically given by 19) 
where L and W are the length and width of the channel, respectively, Here, C i is the insulator capacitance per unit area, is the carrier mobility in the saturation region, V G is the gate voltage, and V T is the threshold voltage. The mobility of each OTFT in the saturation region was determined using the experimental values of W ¼ 1 mm, L ¼ 50 mm, C i ¼ 5:9 nF/cm 2 , and V T ¼ À20 V at the drain voltage (V D ) of À60 V. The mobilities of the three OTFTs processed at 60, 130, and 180 C were 0.10, 0.08, and 0.03 cm 2 /(VÁs), respectively. For given processing temperature condition, the measured mobilities for six different samples are consistent within 5%. The mobility of the OTFT processed at 60 C increases at least by a factor of three in comparison to that of the OTFT processed at 180 C. Note that the two OTFTs exhibit similar electrical properties such as the current on-off ratio (% 10 4 ) and the threshold voltage V T (% À20 V) except for the mobility. As discussed in §3, the functional group density of the insulator, affected by the processing temperature, predominantly governs the magnitude of the carrier mobility. For the fixed processing temperature of 60 C, we now discuss the effect of the preferential alignment of pentacene molecules on the mobility enhancement in the case of a photo-reactive polymeric insulator such as PVCi. Upon the LPUV exposure, the PVCi chains parallel to the direction of the LPUV are known to be broken. The PVCi chains perpendicular to the direction of the LPUV remain unchanged and tend to align the LC molecules along the PVCi chains. 15, 20) It is generally believed that the preferential alignment of the pentacene molecules would be induced on the LPUV exposed PVCi since the pentacene molecule has a rod-like shape like a LC molecule. However, this is not always the case, which is evident from Fig. 6 . The experimental results for the output curves of two OTFTs processed at 60 C, in one of which the current flow between the source and the drain is parallel to the polarization of the LPUV and the other perpendicular to the LPUV polarization, were shown in Figs. 6(a) and 6(b). The difference in the drain current (I D ) between the two OTFTs, 9:1 À 8:2 ¼ 0:9 mA, is about 10%. Accordingly, the corresponding mobilities, k (the LPUV direction perpendicular to the current flow) and ? (the LPUV direction parallel to the current flow), exhibit no substantial difference, k % 1:15 ? with k ¼ 0:099 cm 2 /(VÁs). This indicates that the preferential alignment of the pentacene molecules on the polymeric insulator is not the only physical mechanism for the mobility enhancement in the OTFT. Such small anisotropy of the mobility measured in our OTFTs is consistent with our UV absorption and FT-IR transmission data. Again, the conclusion that the functional group density of the polymeric insulator plays a more important role on the magnitude of the mobility in the OTFT than the preferential alignment is well supported by our experimental results. It is worthy of noting that for a certain photo-aligned polyimide, the alignment of the pentacene molecules results in k % 3 ? .
21)

Concluding Remarks
We have described the importance of the functional group density of a polymeric gate insulator, PVCi, for the enhancement of the electrical properties of the pentacene OTFTs in terms of the processing temperature and the LPUV exposure. It was found that the polymeric insulator processed below the solvent boiling temperature T b has a high density of the functional groups that provide interaction sites for the pentacene molecules on the LPUV exposed polymer surface. As a consequence, a higher packing density of the pentacene molecules is produced, and a larger value of the carrier mobility in the OTFT is obtained. It should be noted that in contrast to a certain photo-reactive polyimide, 21) in our case of the PVCi, no appreciable alignment of the pentacene molecules was achieved on the LPUV exposed PVCi so that the preferential alignment will not be the main physical origin of the mobility enhancement. Moreover, the mobility anisotropy (about 15%) between two directions parallel and perpendicular to the LPUV polarization indicates that the packing density of the pentacene molecules, governed predominantly by the density of functional groups, plays an essential on the mobility enhancement. More studies on various polymeric insulators together with other organic semiconductors remain to be carried out to understand a rather complete picture of the physical mechanism for the enhancement of the electrical properties of the OTFTs.
